Brian P. Oppermann Purpose: Metallothioneins (MTs) are a large family of proteins involved in multiple protective pathways, including binding of toxic metals, free radical scavenging, and oxidative stress. We have previously detected increased expression of the MT IIA gene in age-related human cataractous lenses relative to normal, suggesting a role for MTs in the maintenance of lens transparency. The MT family consists of many closely related isoforms grouped into four classes (I-IV). As a first step towards defining the function of MTs in the lens, we sought to establish the range and expression patterns of those MT isoforms expressed by the adult human lens. We also sought to identify those toxic heavy metals that induce MT IIA in cultured human lens epithelial cells (HLEs).
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INTRODUCTION
The role of the eye lens is to focus light on the retina where visual information is processed and transmitted to the brain. To carry out this function the lens has evolved an exquisite degree of transparency and numerous protective systems. The lens is an interesting tissue because, unlike many tissues, it grows throughout the lifetime of an individual and presents a model for how cumulative environmental insults impact biological systems. Based on these properties, the lens has classically served as a model for diverse processes including stress biology, protein biochemistry, development and aging.
The adult lens consists of a single layer of epithelial cells that cover many layers of fiber cells. The whole organ is contained in a secreted capsule. The fiber cells closest to the epithelium are called primary fiber cells, the next layer of fiber cells are called secondary fiber cells and the inner most layers are called tertiary fiber cells.
Developmentally, the human lens forms from the invagination of the neural placode to form the optic cup. This invagination of the human neural ectoderm eventually pinches off, creating a spherical lens vesicle that is 0.2mm in diameter whose wall is about 40µm thick. 1 The vesicle is separated from the surface ectoderm, but is in protoplasmic continuity with the cells of the optic cup. 1 Formation of the lens vesicle is rapidly followed by elongation of the cells of its posterior wall. These cells are destined to become primary lens fibers. Formation of the definitive primary fiber cells is signaled by a progressive nuclear pyknosis, which spreads from the center of the fiber mass while the remaining epithelial cells revert back to a more cuboidal shape. 1 With the addition of secondary fiber cells resulting from division of cells from the equator, the primary fiber mass becomes separated from the epithelium and occupies the center of the lens, known as the nucleus. At the end of development, there are two main cell types in the lens: the lens epithelium and the lens fibers (shown in Fig. 1 ). This capsule is secreted by the lens epithelium during development. After formation of the primary fiber cells, only anterior epithelium persists, so the future thickening of the capsule is dependent on these epithelial cells. 2 Thus, the lens capsule is thickest in the anterior portion of the lens. The capsule is freely permeable to water, ions and other small molecules but offers a barrier to proteins greater in size than albumin (74kDa) and hemoglobin (67 kDa). 3 The lens epithelium is made of cuboidal cells that form a monolayer covering the anterior subcapsular region to the lens equator. There are about 500,000 cells in the lens epithelium of a mature lens. 4 These cells possess large indented nuclei with two nucleoli and a moderate number of organelles and these cells are responsible for the transcriptional activity of the lens. 1 The epithelial cells are connected to the fiber cells through infrequent gap junctions, and there is no significant barrier to extracellular flow between lens epithelial cells. 5, 6 These gap junctions allow for the lens epithelium to respond to changes in the fiber cells through altering gene expression. Few mitoses occur in the central region of the lens epithelium with most mitotic events occurring in the germinative zone, which is pre-equatorial. This area of the epithelium is composed of highly ordered meridional rows of cells that can differentiate posteriorly into secondary lens fibers. Epithelial mitosis is associated with DNA synthesis, while fiber elongation is associated with increased transcritptional activity and RNA synthesis as specific membrane and structural proteins are needed. 1 Fiber cells undergo a process of terminal differentiation in which the nuclei become pyknotic and finally disappear and cell organelles are lost. As the fiber cells differentiate, the chromatin clumps, the nuclear envelope disintegrates and the nuclear matter eventually disappears along with the organelles. Superficial lens fibers contain sparse organelles that are eventually lost from the deep cortex and lens nucleus. Lens fibers are ribbon-shaped cells that are hexagonal in cross-section. They have acutely angled short faces that connect the parallel broad faces and form the lateral membranes of the cells. 1 These fibers are joined together by ball and socket joints at their lateral angles and to some extent over their broad faces. 1 Fiber cells also have tongue and groove joints, which can be seen as surface corrugations at the narrow lateral faces of the fibers. 7 The nucleus fiber cells have been shown to posses elongated microvilli, 8, 9 allowing the lens to flex to accommodate new fiber cells since they cannot slide over one another.
protection. Many stresses, such as UV light exposure, result in reactive oxygen species being produced in the lens. A major player involved in free radical and other reactive oxygen species scavenging is glutathione. Glutathione is present in high concentration in the lens cytoplasm and about 12% of ATP produced in the lens is used to form glutathione protein. Glutathione levels decrease with age and levels are shown to fall in a disease of the lens known as cataract. 10 Another important protective pathway in the lens is the role of chaperone proteins. An example of a chaperone protein is alpha-crystallin, which is known to contribute to the refractive index and transparency in the lens. Alpha crystallin has been shown to prevent denaturation and facilitate the folding of other proteins. Another major mechanism is metal regulation, which is important in maintaining lens transparency. Examples of proteins involved in metal detoxification in the lens are ferritin and metallothionein. If a metal, such as copper, is not removed from the lens and forms deposits, it will disrupt the normal function of the lens and affect its transparency and refractive index. An example of this is the sunflower cataract, which is formed due to copper deposits 1 .
Any opacity in the lens that causes light scattering is referred to as a cataract.
Cataracts are the leading cause of world blindness and are the biggest cost for Medicare annually. Cataract can occur at any age but their incidence is associated with increasing age. 1 The average age of cataract onset in the United States population is 60-65. There are many factors that contribute to the development of cataracts and some of these factors include toxic heavy metals, oxidative stress, genetic factors, ions and osmotic disruptions.
The first line of defense against these environmental insults is the lens epithelium and since the lens epithelium constitutes 90% of the lens transcriptional activity, it is important for this tissue to protect the lens from insults by regulating gene expression involved in protective pathways. 1 Typically, when a cataract does form it is due to an aggregation of the protein in the lens fibers, which then can no longer maintain transparent function leading to light scattering. Since there are many causes for cataracts, the factors can be divided into two main categories: 1) ones that are due to genetic diseases; and 2) ones associated with environmental influences and aging (age-related cataract). This thesis focuses on factors that are involved with age related cataracts.
Our laboratory is interested in identifying those genetic and biochemical pathways involved in the protection against and development of age-related cataracts. Previously, we have found that Metallothionein IIA (MT IIA) is about 10 times over-expressed in cataractous human lens when compared to normal human lenses. 11 Metallothionein is a large family of small molecular weight (6-7 kDa), cysteine rich metal-binding proteins. 13 There are at least 16 different isoforms of MT that are grouped into four different classes designated I-IV and they are located on human chromosome 16. 13 MTs are approximately 60 amino acids long and contain 20 cysteine residues that coordinate up to 7 metal atoms. 14 MTs provide a reservoir for supplying zinc and copper in the biosynthesis of metalloenzymes and metalloproteins and are therefore produced at basal levels to support this homeostatic activity. 12 Thus, MTs may serve as a zinc-dispensing and collecting system that both protects the cellular constituents against fluctuations in zinc supply and modulates the action of zinc-dependent processes fundamental to cell activation in proliferation and differentiation. 12 Metallothioneins are induced upon exposure to heavy metals and participate in heavy metal regulation and detoxification. 12, 15 They are known to bind Zn, Cu, Co, Cd, Hg, Pb, Ag, Bi, Sn, Ni and Au. 12 Recent studies suggest that detoxification and regulation of heavy metals is not the only or even the primary function of MTs. 16 In addition to their metal binding properties, they are also free radical scavengers 17 whose synthesis is activated by steroids, 18, 19 carcinogens, 20 chemicals that induce oxidative stress, 21 Xirradiation and UV-induced DNA damage. 22 Metallothioneins are known to be involved in metal detoxification and scavenging of reactive oxygen species. They are known to be transcriptionally activated by UV light, reactive oxygen species, steroids and toxic metals. 12 In my work, there were two main goals: I) to identify those metallothionein isoforms that are expressed by the normal human lens; and II) to determine the induction levels of MT IIA induced by toxic heavy metals in cultured human lens epithelium.
The vertebrate eye lens contains multiple protective and regulatory pathways to maintain its transparent function. Insult to these pathways is believed to result in cataract formation. Insulting agents include toxic metals, free radical formation and oxidative stress. 1, [22] [23] [24] [25] [26] [27] We are interested in identifying those components of the human lens that protect against these insults.
One component, likely to play a major role in lens protection is the metallothioneins (MTs), which are a large family of closely related isoforms that have been implicated in numerous detoxification and protective pathways. 12 We have previously detected increased levels of MT IIA transcripts in pooled age-related human cataractous relative to normal lenses by RT-PCR differential display, 11 indicating a potential role for at least one member of the MT family in the maintenance of lens transparency.
MTs are 6-7kD metal binding proteins that are induced upon exposure to heavy metals and participate in heavy metal regulation and detoxification. 12 They are known to bind Zn, Cu, Co, Cd, Hg, Pb, Ag, Bi, Sn, Ni and Au. 12 Recent studies suggest that detoxification and regulation of heavy metals is not the only or even the primary function of MTs. 13 In addition to their metal binding properties, they are also free radical scavengers 17 whose synthesis is activated by steroids, 18, 19 carcinogens, 20 chemicals that induce oxidative stress, 21 X-irradiation and UV-induced DNA damage. 22 They have been reported to function as regulators of copper homeostasis, [28] [29] [30] as zinc donors for the zincdependent transcription factors, 31, 32 as mediators of redox balance 33 and as protectors against reactive oxygen intermediates. [34] [35] [36] The MT family is composed of multiple, separately-encoded isoforms 37 that are grouped into four physically distinct classes (called I-IV). 13 MTs I and II are the most widely expressed and are regulated coordinately in all tissues. 38, 39 MT III is brain specific 14 and MT IV is expressed mainly in squamous epithelium. 40 In humans, single genes located on chromosome 16 and designated IIA, III and IV encode MT isoforms II-IV, while there are 13 separately-encoded MT I isoforms. 40 Given the large number of MTs, and their different expression patterns, we have explored the range and spatial expression patterns of specific MTs expressed by the adult human lens as a first step towards elucidating their potential functions in the lens. We demonstrate that at least six different MT transcripts are expressed by the lens and these exhibit different patterns of expression in the lens epithelium compared to the lens fibers.
We also demonstrate that MT protein is primarily present in the lens epithelium.
METHODS
Microdissection of human lenses. Normal human lenses from donors with no known
history of metal exposure were obtained within 24-60 hours post-mortem and inspected under a dissecting scope to be free of opacity. The lens epithelium was surgically dissected away from the rest of the lens and contaminating fiber cells were removed as previously described. 11 Carefully washed surgical grade instruments and metal free solutions were used in all dissection and preservation procedures. The average age of lenses used in this study was 57 years (range 38-84) and the donors were 69% male.
Where indicated, four to eight lenses or lens sub-components were pooled for each experiment. This research was conducted under IRB exemption 4. 
Design of oligonucleotides for
RESULTS
Identification of specific metallothionein transcripts.
Expression of 11 different MT isoforms was examined by RT-PCR analysis of whole lens RNA. The data are shown in Fig.2A To confirm the identities of the resulting transcripts, products of the expected size that were specific for isoforms IA, IE, IF, IG, IH, IL and IIA were cloned and sequenced.
Analysis of 3 separately isolated clones confirmed these transcripts to be authentic except for IA, which contained a mixture of transcripts encoding IG and IH. The identities of the larger bands detected in the IA, IG and IL reactions were not determined.
To further characterize the specific MT isoforms expressed by the lens, RT-PCR RT-PCR of pooled whole lens RNA using the universal primers yielded a single band of the expected size ( Fig. 2A (102bp) ; lanes 23 and 24) that was dependent on the presence of reverse-transcriptase ( Fig. 2B; lanes 9 and 10) . The 102bp band stained less intensely than the isoform-specific bands (compare Fig. 2 , lanes 23 and 24 to lanes 5-12, 17 and 18). This most likely is the result of reduced amplification efficiency of the 102bp product since the universal primers are likely to have reduced binding efficiency relative to the isoform-specific primers. The 102bp product was excised from the gel, purified and cloned. Seventy-five separately isolated clones were identified by sequencing ( Table 1) . 
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Consistent with the identities of transcripts detected using the isoform-specific primers (Fig. 2) , six MT isoforms were identified by this analysis including MTs IE, IF, IG, IH, IL and IIA.
Analysis of metallothionein transcripts in microdissected lens epithelia and fibers.
To examine the spatial expression patterns of the identified transcripts, the levels of five MT transcripts (IE, IF, IG, IH and IIA) were compared by RT-PCR analysis using pooled RNA obtained from microdissected lens epithelium and lens fibers. To control for cross-contamination between the lens epithelia and fiber RNA preparations, the epithelium-specific transcript SPARC 48 and the fiber-specific transcript MIP 26 49 were also examined.
Transcripts encoding MTs IE, IF, IG and IH (lanes 1-8) were detected in both lens epithelium and lens fibers (Fig. 3A) . By contrast, MT IIA transcripts (lanes 9 and 10)
were detected only in the lens epithelium (Fig. 3A) . Using higher amounts of RNA and increased numbers of PCR cycles, low amounts of MT IIA were detected in the fibers (data not shown). As found with whole lens RNA (Fig. 2, lanes 9 and 10) , a second higher molecular weight band than the authentic MT IG band was also observed (Fig. 3 , lane 5). Although the identity of this band was not determined, it is interesting to note that it is confined to lens epithelial RNA preparation (compare Fig. 3, lanes 5 and 6) . As expected, the SPARC control was detected only in the lens epithelial RNA preparation (Fig. 3B, lanes 1 and 2) . Correspondingly, the MIP 26 control was almost entirely restricted to the lens fiber RNA preparation (Fig. 3B, lanes 3 and 4) , although trace amounts of MIP 26 were detected in the epithelial preparation indicating possible contamination of lens epithelial RNA with fiber RNA. Since greater levels of almost all transcripts were found in the lens epithelium relative to the fibers, and no fiber-specific gene expression was detected, it is unlikely that trace contamination of epithelial RNA with fiber RNA would significantly alter the present results.
Analysis of metallothionein transcripts in individual lenses.
It is possible that MT expression might vary between individual lenses. Since the previous experiments ( Figs. 2 and 3 ) examined MT levels in pooled lenses, the expression of two MT isoforms (MT IG and MT IIA) was examined using equal amounts of RNA isolated from individual lens epithelia or fibers (Fig. 4) . The levels of both MT 50ng 50ng 50ng 50ng 50ng 50ng 50ng 50ng 50ng 50ng 50ng 50ng 1 2 3 4 5 6 7 8 9 10 11 12 
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Spatial analysis of metallothionein protein.
To evaluate the corresponding levels of MT protein in the lens, western analysis was performed using a MT-specific antibody and equal amounts of extracts prepared from pooled whole lens, lens epithelia and lens fibers. Since antibodies specific for individual MT isoforms are not available as a result of the very high degree of amino acid To further explore the levels of MT protein in specific lens sub-regions, immunostaining was performed with a second antibody recognizing MT class I and II isoforms (Fig. 6A) . 51 Represented is a portion of the lens between the anterior and detected at significantly higher levels in the lens epithelium than in the lens fibers. No staining was detected in the lens capsule ( Fig. 6A ). It is interesting to note that the weak staining in the lens fibers appears to be restricted to undifferentiated fibers. As control, no staining was detected in the absence of primary antibody (Fig. 6B ). 
INTRODUCTION
MTs are 6-7kD metal binding proteins that function in heavy metal regulation and detoxification. 12 They are known to bind and detoxify many metal ions including: Zn, Cu, Co, Cd, Hg, Pb, Ag, Bi, Sn, Ni and Au. 12 They are rapidly induced by multiple agents in numerous tissues including the kidney, 53 liver, 53 and pulmonary epithelium. 34 In addition to their metal binding properties, they are also free radical scavengers 17 that are induced by steroids, 18, 19 carcinogens, 20 chemicals that induce oxidative stress, 21 X-irradiation and UV-induced DNA damage. 22 They have been reported to function as regulators of copper homeostasis, [28] [29] [30] as zinc donors for the zinc-dependent transcription factors, 31, 32 as mediators of redox balance 33 and as protectors against reactive oxygen intermediates. [34] [35] [36] The MT family is composed of multiple, separately-encoded isoforms 37 that are grouped into four physically distinct classes labeled I-IV. 13 MTs I and II are the most widely expressed and are regulated coordinately in all tissues. 38, 39 MT III is brain specific 14 and MT IV is expressed mainly in squamous epithelium. 40 In humans, single genes located on chromosome 16 and designated IIA, III and IV encode MT isoforms II-IV, while there are 13 separately encoded MT I isoforms. 40 Metal exposure is a major form of toxicity that affects numerous non-lens tissues.
In the lens, exposure to numerous metals including are Fe, Hg, Au, Ag and Cu have been associated with cataract. 1 Cataracts associated with these metals are characterized by granule formation, protein aggregation and cell death. 1 Copper exposure or altered metabolism (Wilson's disease) results in a specific form of cataract called Sunflower cataract. 1 We have previously detected cataract 11 and epithelium-specific 54 Products were separated by gel electrophoresis on 1.5% agarose gels and visualized by ethidium bromide staining. Products were tested to be specific for reverse-transcriptase and were sequenced to ensure specificity.
Design of PCR Mimics. The MT IIA mimic was synthesized to contain bp's +14bp to +76bp and +228bp to +250bp of the MTIIA cDNA sequence (Fig. 11 ). After synthesis, the mimic was re-suspended in water and used directly to compete with endogenous mRNA.
Quantitative Mimic RT-PCR. Indicated transcripts were reverse-transcribed and amplified in the presence or absence of the MT IIA PCR mimic using the One Step RT-PCR system as recommended by the manufacturer (Life Technologies, Inc., Gaithersburg, MD) and the same primers and conditions described for RT-PCR above.
The MT IIA PCR mimic contains the same primer binding sites and sequence as MT IIA mRNA except that bp's 77-213 are deleted. This procedure was preformed virtually identically to that reported for PAX-6. 56 Northern Blot Analysis. Ten µg of HLE total RNA was subjected to electrophoresis on a 1% agarose gel containing 6.2% formaldehyde. The resulting gel was transferred to a nylon membrane (GIBCO-BRL, Gaithersburg, MD). After UV-cross-linking, the blot was prehybridized in Pre-hybridization solution (GIBCO-BRL, Gaithersburg, MD) at 42°C overnight. The blot was washed three times in 0.5 X SSC, 0.2% SDS at room temperature for 20min and once in 0.25 X SSC, 0.2% SDS at 50°C for 20min. Probes were radiolabeled with α 32 P dCTP using the RadPrime Kit (GIBCO-BRL, Gaithersburg, MD) and hybridized for 72hrs at 50°C. The membrane was washed with 1 X SSC/0.1% SDS for 15min and then washed three times with 0.1 X SSC/0.1% SDS.
RESULTS
Induction of MTIIA by Cd, Zn and Cu.
The effects of CdCl 2 , ZnCl 2 and CuCl 2 on MT IIA transcription were initially evaluated by Northern blotting using MT IIA cDNA as a probe. HLE cells (SRA 01/04) were grown to 80% confluency and exposed to 0.1µM of Cu +2 and Zn +2 and 0.025uM CdCl 2 for 8 hrs. Non-treated cells were also examined as a control. Metal-treated cells were demonstrated to be viable relative to control cells by trypan blue exclusion. 55 Very low levels of a 0.2kb transcript hybridizing with the MT IIA probe were detected in the non-treated control RNA preparations (Fig. 7, lane 1) . Cadmium (Fig. 7, lane 2) and Zn +2 (Fig. 7, lane 4) induced the expression of the 0.2kb transcript while CuCl 2 did not (Fig. 7, lane 3) . Interestingly, less of the 0.2kb transcript was detected in the CuCl 2 treated cells than with control cells (compare lanes 1 and 3) . The resulting 0.2kb bands is diffuse in the Northern blot based on the fact that it is small in size and that the MT IIA cDNA probe might also be hybridizing with other MT isoforms.
Induction of MT IIA by increasing concentrations these metals was also examined by RT-PCR with gene-specific primers. 54 Consistent with Northern results, CdCl 2 and ZnCl 2 but not CuCl 2 induced MTIIA in the HLE cells relative to untreated control cells (Fig. 8 ). RT-PCR reactions performed with RNA from all four conditions was linear using as many as 25 PCR cycles and as much as 300ng of total RNA (Fig. 8 ). Based on these initial studies, 300ng and 20 PCR cycles were used in all subsequent experiments. The optimal induction times were different for each metal (Fig. 10 ). From 0-8hrs after CdCl 2 treatment, MT IIA expression increased almost linearly (Lanes 1-7) while MT IIA was highest after 3hrs of ZnCl 2 treatment (lanes 8-14) . The levels of MT IIA remained constant during 0-8hrs of CuCl 2 treatment (lanes 15-21) . However, a slight decrease in MT IIA levels was detected between 3 and 8hrs of CuCl 2 treatment (lanes 19-21). 
Quantitation of MT IIA Induction by Heavy Metals
The levels of MT IIA induced by CdCl 2 , ZnCl 2 and CuCl 2 were quantified by competitive RT-PCR. This procedure was performed using the same primers and conditions as the above procedures except that increasing amounts of a competing DNA (mimic) were added to the reaction mixture in the presence of α 32 P -CTP. The competing mimic was designed to have the identical sequence as the MT IIA target cDNA except that 134 bps of internal sequence are deleted. The mimic is shown schematically in Fig. 11 confirmed to be expressed by the lens (Fig. 2) . By contrast, transcripts encoding isoforms IA, IB, III and IV were not detected (Fig. 2) . The lack of isoform III or IV expression is not surprising, since isoform III has been previously reported to be specific for brain 14 and isoform IV has only been detected in squamous epithelium. 40 The identification of isoform IH (also known as isoform MT 0) in the adult lens is surprising since this isoform has been reported to be confined to fetal tissues. 52 Consistent with the results obtained with the isoform-specific primers, analysis of MT expression using primers recognizing all class I and II MTs (universal primers) identified the same transcripts obtained with the isoform-specific primers ( Table 1) .
Based on the number of specific transcripts to total transcripts detected using the universal primers, the predominance of MTs in the lens is IL> IG> IIA> IF> IH >IE. It is surprising that IL is the predominate isoform detected using the universal primers, since relatively low levels of IL were detected in using IL-specific-primers. The reason for this inconsistency is not known, but it is likely to result from differences in priming efficiency between the isoform-specific and the universal recognition primers.
The identified transcripts exhibited different spatial expression patterns between lens epithelium and lens fibers. MT I isoforms IE, IF, IG and IH (Fig. 3, lanes 1-8) were detected in both lens sub-components. Isoforms IE and IF (Fig. 3, lanes 1-4) were expressed at slightly higher levels in the lens epithelium than in the lens fibers. By contrast, MT IIA was only detected in lens epithelium (Fig. 3, lanes 9 and 10) , although low amounts of MT IIA were detected in fibers from individual lenses ( Fig. 4 ) and with very high amounts of RNA. Due to low amplification specificity (Fig. 2) , spatial analysis was not performed on isoform IL. The differences in spatial expression patterns between class I and II MTs may indicate distinct roles for these isoforms.
Consistent with the spatial expression patterns of MT transcripts detected by RT-PCR, both immunoblotting ( Fig. 5 ) and immunostaining ( Fig. 6 ) revealed that MT protein is mostly confined to the lens epithelium. The predominance of MT protein in the lens epithelium relative to the fibers implicates the epithelium as a primary site for possible MT function in the lens. It is interesting to note that expression of MT appears to be restricted to the outermost layers of the fibers (Fig. 6 ) indicating that MT expression may be restricted to those fibers that are not fully differentiated.
Significant differences in the levels and proportions of two MTs (MT IG and MT IIA) were detected in epithelia and fibers isolated from individual lenses (Fig. 4) .
Although further studies with large numbers of lenses will be required to establish relationships between characteristics of individual lenses and MT expression levels, the differences in MT levels detected between individual lenses in the present study appear to be independent of sex or age. Further studies will be required to establish whether these differences result from different environmental exposures, physiological conditions and/or genetic backgrounds and if these differences may be related to possible functional differences of the individual MT isoforms.
Knowing that there are six isoforms of MT expressed by the lens and that MTs exhibit differential spatial expression patterns, it is important to determine the factors that induce MT expression in the lens. Since we have previously found that MT IIA expression is induced in cataractous lenses, 11 I wanted to determine those toxic metals that induced MT IIA expression in cultured human lens epithelial cells. I choose CdCl 2 , CuCl 2 and ZnCl 2 , since these metals are the best characterized in other cells. 42, 52 The present data demonstrates that 2 toxic heavy metals can induce MT expression in cultured HLE cells (Fig. 7) . Northern blotting of the RNAs obtained from the 8hrs of exposure to CuCl 2 , CdCl 2 , and ZnCl 2 shows that CdCl 2 was the greatest inducer of MT IIA followed by ZnCl 2 , and that CuCl 2 did not induce MT IIA. Actually, there was no band in the CuCl 2 lane (lane 3) as compared to the control which corroborates the data presented in Fig. 9 , where the message of MT IIA dropped in the different CuCl 2 concentrations. We also examined the steroid dexamethasone, since steroids have been shown to induce MT expression 18, 19 and detected no induction of MT (data not shown).
From our initial experiments we knew that MT was induced by CdCl 2 and ZnCl 2 , but these results were determined from an 8hrs exposure, so we wanted to establish the time frame that is necessary for MT induction. MT IIA induction occurs about 40min
after CdCl 2 and ZnCl 2 introduction into the media but it takes at least 2hrs for CuCl 2 to cause a slight induction MT IIA expression. It is important to note that CdCl 2 was still inducing MT IIA after 8hrs and that ZnCl 2 induction fell off after 5hrs, while CuCl 2 showed no induction.
Besides determining the amount of time needed for MT induction, the minimal and maximal physiological relevant concentrations needed to induce expression was determined ( Fig. 9 ). As little as 0.025µM CdCl 2 can cause induction of MT IIA expression, while concentration dependence maximizes at 0.3µM (data not shown). Cell death began at 1.0µM (data not shown) and at even at 2.0µM CdCl 2 , we observed cell death by trypan blue staining (data not shown). Zinc showed induction around 0.1µM concentrations and also maximized at 0.3µM (data not shown). For CuCl 2 inductions, MT IIA expression actually dropped by the 0.025µM and fell even more by 0.1µM. This drop in MT IIA message could be attributed to cell death because at 2.0µM concentrations we estimated, by trypan blue staining, that 43% of cells treated with CuCl 2 had died.
Consistent with RT-PCR experiments, quantitative RT-PCR (Fig 12) demonstrated that Cu +2 did not induce MT IIA expression while CdCl 2 increased MT IIA expression10-fold. Zinc resulted in a 3-fold induction of IIA expression ( Fig. 12 ).
Copper did not cause induction of MT IIA (Fig. 12 ).
Copper is known to cause cataract in the lens 1 and it is interesting to speculate that lack of MT IIA induction could be a factor. Copper deposits are involved in formation of a cataract known as the sunflower cataract. 1 Copper deposits can occur due to the use of copper-sulfate containing eye drops, copper ingestion or as a part of Wilson's disease. 1 Other metals that are involved in cataract are Cd, Fe, Hg, Au, Ag and some other metals.
Most of these metals cause cataracts through granule formation and eventual cell death or protein aggregation 1 . Copper ions that are bound to amino acids or albumin and not bound to ceruloplasmin can still interact with O 2 , and H 2 O 2 to form OH radicals and other reactive species such as Cu(III). 57 Oxidative stress can be caused by many different insults besides metals including UV light exposure, X irradiation or natural metabolism.
A defense used by the lens to combat oxidative stress is glutathione. Glutathione is present in high concetrations in the lens cytoplasm and about 12% of the ATP used by the lens is used to form the reduced (active) form of glutathione, GSH. 1 In the human lens there is a steady decrease of GSH with age and at the same time there is an increase in cataract formation with age. Reactive oxygen species generated by the presence of CuCl 2 or other heavy metals could significantly affect GSH levels in the lens.
Regardless of its exact functions, the detection of increased levels of MT IIA in age-related cataracts relative to normal human lenses 11 indicates a role for MTIIA in the maintenance of lens transparency. We have also shown that MT IIA is localized to the lens epithelium while other MT isoforms are highly expressed in both lens epithelia and fibers. 54 Increased expression of MT IIA in cataract and localization of MT IIA to the lens epithelium suggests that expression of MT IIA may increase in response to exogenous insult to the lens.
My work has defined those isoforms of MT that are expressed in the lens, established their spatial expression patterns and shown that MT IIA, which is overexpressed in age related human cataract, is induced by CdCl 2 and ZnCl 2 , but surprisingly not CuCl 2 . Future studies will involve identifying those factors that regulate MT expression in the lens and the role of MTs in lens protection and cataract. My work has provided the groundwork required to carryout these studies.
